The presence of plasma in Low Earth Orbit and above can be the cause of electrostatic charging on space objects with a conductive surface, which then become subject to the Lorentz force induced by the magnetic field. This paper investigates it effects on the trajectory of orbital debris with a high area-to-mass ratio, as their course is particularly influenced by non-gravitational perturbations such as atmospheric drag or solar radiation pressure. Depending on the altitude (low or medium) and the available data, different charging models have been coupled with an orbit propagator, featuring a range of non-Keplerian accelerations and both three and six degrees-of-freedom dynamics. In particular, there has been a focus on long-term effects by simulating charged versus non-charged objects over the time span of years or decades. 
Objects on orbit around the Earth can acquire a surface charge when going through space plasma. This situation occurs at low altitude in the ionosphere or even higher in the plasmasphere.
Effects on trajectories are possible as the Earth's magnetic field affects the motion of electrostatic charges. This action is described in the magnetic component of the so-called Lorentz force. It is for instance causing ions to gyrate and drift in the Earth's magnetosphere. Similarly, the motion of dust particles around Jupiter can be significantly influenced by its powerful magnetic field [1] .
Thus it is interesting to study how the Lorentz force impacts the orbit of space debris with a high area-to-mass ratio, which can be defined as larger than 0.1m 2 /kg. Typical examples are fragments of solar panels or pieces of thermal blanket, products of collisions. They are much more sensitive than other objects to non-gravitational forces such as atmospheric drag or solar radiation pressure. In a space environment known to be dynamically chaotic [2] , their long-term behavior is quite different from the rest of the population and has been the subject of several studies [3, 4] .
It is worth mentioning that the magnetic force has been considered for the design of space trajectories in the literature [5, 6] , but these techniques require an artificial charging of the spacecraft in order for the control law to be significant. While the effects of natural surface charging on hardware are fairly well documented [7] , its impact on spacecraft dynamics is less clear. The effects of the magnetic force on the evolution of Keplerian coordinates both in Low Earth Orbit (LEO) and Geostationary Earth Orbit (GEO) has been investigated in [8] , including objects with high area-to-mass ratios. The main restriction was that orbit propagation was performed only over one period so that no long-term trend could be identified. A preliminary study by the authors probed this area by simulating trajectories over years in LEO as well as in Medium Earth Orbit (MEO), with the inclusion of a six degrees-of-freedom analysis [9] . The present paper extends it with an improved dynamical model.
This article is organized as follows. Section II introduces the integrators and dynamics adopted in this work, including a general description of the magnetic force. Sections III describes in details the charging model used in the Low Earth Orbit (LEO) and Medium Earth Orbit (MEO). Finally, simulations and analysis of the results are provided for these two environments in Section IV.
II. Orbit propagation
Computations of space trajectories are performed via the interface between an numerical inte-grator and a dynamical model, referred to as a propagator, all coded in C++. When the Lorentz force is enabled, a wrapper is used to call an external Fortran implementation of the IRI-2012 model (available at http://irimodel.org). Assuming rigid bodies, spherical objects are simulated with three degrees of freedom (dof) whereas non-spherical geometries require six. The attitude and orbital mechanics are introduced after a description of the integration methods.
A. Numerical integration
For 3dof simulations, the motion of the object's barycenter is propagated with a set of orbital elements in the Earth-centered Inertial (ECI) frame. To avoid singularities, the modified equinoctial coordinates [10] are preferred over the Keplerian ones. For 6dof, the position-velocity vector is used instead, because of its closer proximity in frequency of oscillations with the attitude variables, which are represented here with quaternions. The numerical integrator used in this study is a 8th
order multi-step predictor-corrector known as Adam-Bashforth-Moulton (ABM) 8. It requires to be initialized, which is done here with a Bulirsh-Stoer algorithm of same order, but once running it requires only two evaluations of the dynamical model per step, which is particularly convenient given the high computational cost of IRI-2012. Note that the use of a symplectic integrator, better designed for long-term propagation than ABM, is impossible here due the magnetic force that cannot be derived from a potential.
B. Dynamics
The physical model exploited to propagate trajectories of space debris is described thereafter.
Transformations between ECI and Earth-centered Earth-fixed (ECEF) are performed taking into account precession and nutation as well as the Earth rotation as reported in [11] . Apart from the magnetic force itself, three others are considered here: the gravitation (Earth, Moon and Sun), the aerodynamics and the radiation pressure.
Forces
In order to integrate the dynamics for both 3 and 6 dof models, the total perturbing accelerations acting on the center of mass of the object have to be computed. In what follows the model of perturbations considered in this study are detailed.
a. Gravity. In addition to the Keplerian term, the gravitational dynamics considered here takes into account high order terms in the Earth's potential as well as lunisolar perturbations.
Hence the sum of accelerations due to gravity is:
where r stands for the position of an object, µ for the gravitational constant of a body and U E for the classic expansion of the geopotential in spherical harmonics. Positions of the Sun and the Moon as functions of time are computed from low-precision ephemerides [11] . Note that the gradient in Eq. (1) is computed in the body-fixed frame before being translated in ECI. It is remarkable that the total acceleration due to gravity does not depend on the mass m of the object itself.
b. Magnetic force. The acceleration due to the Lorentz force induced by an ambient magnetic field B on a charged object with a velocity v with respect to that field writes:
where q is the total electrostatic charge. It is important to note that the magnitude of this perturbation depends on the angle between the magnetic field and the relative velocity. In particular, it vanishes when they are aligned.
The computation of the Lorentz force is twofold. On the one hand, one needs to know the magnetic field B as well as the relative velocity v in order to compute their cross product. On the other hand, it requires the evaluation of the electric charge q, that depends on the spacecraft and the conditions of the ambient plasma. Details on how to compute it are given in Section III.
The expression of the Earth's magnetic field can be derived from the magnetic potential V with the relation B = −∇V . The potential is classically described via spherical harmonics expressed in spherical coordinates (r, Φ, λ):
where R E is the Earth's equatorial radius, the P are the Schmidt quasi-normalized associated
Legendre functions whereas h and g are the Gauss coefficients for the Earth's magnetic potential [12] . Note that Eq. (3) allows one to derive the Earth magnetic field in the Earth-Centered EarthFixed (ECEF) reference frame, then the velocity in Eq. (2) has to be expressed in ECEF and the resulting acceleration needs to be converted back to ECI.
c. Aerodynamics. The acceleration due to atmospheric drag writes:
where ρ is the atmospheric density, C D the drag coefficient and v rel the relative velocity with respect to the flow. Here the air density is computed from the Jacchia-Gill model [11] . As for the relative velocity, the atmosphere is considered as co-rotating with the Earth.
For 3dof propagations, it is enough to use only this term by setting the drag coefficient to 2.
For non-spherical objects, one needs to consider the three components of the aerodynamic forces:
lift, drag and side. Here it is done by replacing the product
in Eq. (4) with a function of attitude. To be more precise, the quaternions are converted into attack and side-slip angles which are then used as inputs for an aerodynamics database interpolated with the nearest neighbor approach. This database was derived from Direct Simulation Monte Carlo (DSMC) [13] performed on a 1x1x0.01m object in a free molecular regime as described in [14] .
d. Solar radiation pressure. The acceleration due to solar radiation writes:
where C R is the reflective coefficient, AU is the astronomical unit, r Sun the Sun's position (computed from ephemerides), s the so-called shadow function and P Sun the solar radiation pressure in the vicinity of the Earth (4.560 × 10 −6 N/m 2 ).
The solar radiation pressure decreases in penumbra until it vanishes in umbra. The model presently adopted considers only the Earth as an occulting body. As described in [11] , the function s is computed as the area of the solar disk visible to the spacecraft, normalized so that its value is always between 0 and 1.
Torques
For 6dof propagations, it is necessary to compute the sum of moments acting on the barycenter.
a. Gravity gradient. The variations of the gravity field along the object are responsible for a torque. Here only the first order approximation of this effect for the Keplerian term is taken into account. It writes:
where the position of the barycenter relative to the Earth's center r G is written in a frame fixed to the object where the inertia matrix is I.
b. Aerodynamics. The three components of the aerodynamic torque on the center of symmetry are computed similarly to the corresponding force that is through the interpolation of a DSMC database taking attitude as input.
c. Other. For symmetrical geometries, the Lorentz force does not introduce any torque at first order on the center of symmetry as the surface charges are spread evenly over the object. It is the case for classic shapes (sphere, plate, etc.), as long as the surface is made of a single type of conductor, which is assumed to be the case in this study. The same rule applies for radiation pressure, assuming that the reflective properties of the surface are uniform. However, torques can be induced on the barycenter G if the latter is displaced with respect to the center of symmetry S.
In this case, the resulting moment M on G from a force F writes:
where r GS is the vector going from G to S.
III. Spacecraft charging
This Section first describes in details the computations necessary to estimate the electrostatic charge of a space object in LEO. Then, a simplistic extension is proposed for the MEO environment in order to be able to perform simulations there too.
A. In Low Earth Orbit
As described in the previous section, the total electrostatic charge q on the surface affects the magnetic force. When the object has a surface potential φ, the total amount of surface charge q writes:
where C is the electrostatic capacitance of the object. Thus these two quantities are needed to estimate the charge.
Surface potential
When a space object gets charged, various currents flow on its surface. In equilibrium, for the sake of continuity, the so-called current-balance equation must be satisfied [15] :
where I e denotes the ambient electron current, I i denotes the ambient ion current, I ph denotes the photoelectron current, and I se denotes the secondary electron current (it includes a backscatter current and an elastically reflected current).
In a dense plasma such as in LEO, I se is not significant because these current densities are relatively small [16, 17] with comparison to the ambient plasma current density, so the currentbalance equation can be written as:
In general, Equation (10) cannot be solved analytically and a numerical solver is needed. Here, a
Newton-Raphson method is used. The details on how to compute the terms in the balance equation are given next.
a. Ambient plasma currents Current collection of ambient electron and ions by a charged object can be described the Orbital Motion Limitation (OML) theory, which was first proposed by
Mott-Smith and Langmuir [18] . According to the current OML theory [19, 20] , the ambient electron current for the Maxwellian distribution is
where
A S is the total surface area of the spacecraft, T e is an ambient electron temperature, m e is the mass of an electron, n e is an ambient electron density. The coefficient µ is 1.0 for a spherical object, and
for an infinite cylinder. The coefficient µ did not included the original form of the OML theory by [18] . µ was first derived by Laframboise [19] and the expressions here is by Lai [21] . In the computations in this paper, we used µ = 1.0 for all cases since there is no significant difference in the charge potential. The power factor α is 1 if the object is a perfect sphere, α = 1/2 if it is an infinite cylinder and 0 if it is an infinite plate [17] (here "infinite" can be seen as large when compared to a typical length).
Ion currents can also be described by the OML theory. The ambient proton (H + ) current for the Maxwellian distribution is
T i is an ambient ion temperature, n H + is a proton density, and m H is the mass of a proton. When accounting for multiple species, there are as many terms in the total ion current as species considered, each with their respective charge and atomic mass. Here our computation model includes H + , He + ,
ions. The ambient ion temperature T i is the same value for all ion species.
Additionally, in LEO, ion currents contribute as a drift current induced by the spacecraft velocity V SC with respect to the plasma. For instance, the drift current by proton can be written as
Thus, the total inflow current by ions becomes
Note that the OML theory is the plasma collection theory for a small object compared to Debye length, which is the representative length of the ambient plasma (detailed definitions are given in III A 2). When the ratio between the representative size of the object and the Debye length becomes large (> 1), the power factor α will decrease and finally α → 0, because the effective collection area becomes smaller. In LEO, Debye length is quite small (several centimeter to millimeter) so that the exact current collection in LEO will have smaller α than in GEO, particularly for large objects. However, currently α can only be obtained from the experimental result [21] and there is no exact method to estimate α from the ratio between the representative size of the object and Debye length. Since the current collection in LEO has smaller α, namely, is less sensitive to the object's potential, the magnitude of the object's potential given by the OML theory will describe the minimum (absolute) potential in LEO. Hence, we employed the OML theory in this paper even though we focus on the charging of relatively large object in LEO.
b. Photoelectron current The photoelectron current I ph is defined as:
where J ph0 = 3 × 10 −5 A/m −2 is the current density according to [22] and A p the projected area with respect to the flow of photons. For a spherical object of radius R, A p = πR 2 = A S /4. Recall that s is the shadow function.
Since the electron flux is bigger than the ion flux in LEO, φ is usually negative in eclipse. However, in sunshine, the photoelectron current basically renders the potential less negative, and can even make it positive when the photoelectron exceeds the ambient electron current.
Electrostatic capacitance
In space, the charged environment affects the capacitance C. The ambient plasma is attracted by the potential of an object and forms a sheath structure around it. A representative length of the sheath λ D -the so-called Debye length -is defined as [23] :
The final expression of the capacitance itself depends on the geometry of the object. The case of a sphere and a flat plate are given thereafter. Note that, in what follows, the vacuum permittivity ε 0 , representing a perfect conductor, is used rather than an absolute one ε > ε 0 , characterizing a dielectric surface. The reason for this is that the former can induce partial charging, which is fairly complex to model.
a. Sphere
The formula for the capacitance between two spherical conductors with respective radius a and b is classically known as:
where b > a. Assuming that the total interacting plasma is contained between two concentric conductive spheres [8] , one has a = R and b = R + λ D . Thus it comes that:
Since λ D is usually on the order of centimeter to millimeter in LEO, for a large object, one has R/λ D 1 and thus Eq.(23) becomes:
where A is the cross-sectional area. Space debris smaller than 1cm do not satisfy this condition and for them Eq. (23) should be used. Nonetheless, when Eq. (24) is valid then one can see that the acceleration due to the magnetic field is proportional to the area-to-mass ratio A/m because the acceleration by Lorentz force writes:r
About the effect of plasma sheath, note that there is no consensus on the fact that all the particles in the Debye sphere contribute to the Lorentz force. If it is true, Eq. (23) b. Plate For two parallel plates separated by a distance d, the capacitance be written as:
where S is the surface area of each plate. Assuming that the plasma interacts with the surface of the object up to a distance equal to the Debye length, one can estimate the capacitance C as:
where the factor 1/2 comes from the fact that both sides of the object are charged (the total capacitance of two similar capacitance in series is half of one.) It is worth noticing that, also for the plate, the Lorentz force is linear with respect to the area-to-mass ratio.
Ionosphere
In LEO, objects evolve in the ionosphere, as it spans roughly from 100km to 3000km. It is the part of the upper atmosphere where a significant amount of charged particles can be encountered due to solar radiation. The ionosphere is structured in layers where physical quantities e.g. species densities follow similar trends. There is a clear dichotomy between the day-time and night-time sides, as well as latitudinal and seasonal variations. The ionospheric model used here is based on the so-called International Reference Ionosphere (IRI) [24] . A brief description of its content is given thereafter based on the editions of 1990 and 2012, even though only the latter has been used here to run simulations.
a. Plasma temperature Electron temperature T e is crucial for the magnetic force because it drives the electron current. In IRI-1990, T e is described via a so-called Booker profile [25] . It basically consists in a piece-wise affine function with smooth transitions between successive layers.
The boundaries are points from various references that have a dependency on local time and latitude as well as seasons for some of them.
Similarly to electron temperature, ion temperature influences spacecraft charging, but to a lower extend. According to IRI-1990, ion temperature T i equals electron temperature over 1000km and is always smaller at lower altitudes.
b. Plasma densities Electron and ion densities mainly play a role in the computation of the Debye length λ D for the electrostatic capacitance and thus influence the value of the charge q. As a plasma is globally neutral, one has n e = n i . The IRI model also gives the ratios for the different species among the ions (O + , H + , He + ).
B. In MEO
Unlike the IRI-2012 in LEO, there is no standard plasma environment model for MEO at present to the best of the authors' knowledge. In this paper, a very simple extremal model is used in this region, based on the surface potential observed by Van Allen Probes [26] . According to this reference, the surface potential in eclipse is approximately one hundred percent negative (-10V to 0V). Also, in sunshine, the potential becomes 0V to 10V. Here, above 2000 km which is the maximum altitude of IRI-2012, it is considered that
where s is the shadow function previously introduced.
As for the electrostatic capacitance, the formulas remain unchanged with respect to the LEO case. The only needed local quantity is the Debye length, with is fixed a priori to 10m.
IV. Results
The model described in Section II has been run to analyze the effects of the magnetic force on space trajectories. More precisely, the idea is to see how the Keplerian coordinates of a charged object evolve with respect to those of an electrically neutral one, starting from the same initial conditions.
In all simulations, the area-to-mass ratio is fixed to 10m 2 /kg in order to maximize the effects of non-gravitational perturbations, but even bigger values can be found in the literature [3, 4] .
Two initial inclinations are simulated: 89.0 and 0.1 degrees. In the polar configuration, the object experiences all magnetic latitudes within one orbital period and all longitudes in the span of several days, while for the equatorial case, the debris sees the full range of magnetic longitudes within an orbit and encounters daily eclipses. The initial eccentricity, right ascension of the ascending node Ω, argument of the perigee ω and true anomaly are listed in Table 1 . The initial semi-major axis a depends on the regime considered: here 8000km for the case in LEO and 20000km for MEO.
Investigating long-term effects prevents from using an initial altitude that is too low, otherwise the orbit decay would be so strong that it would mask all other perturbations and cause re-entry very quickly. The choice of the other initial Keplerian coordinates (eccentricity, right ascension of the ascending node, argument of perigee and true anomaly) being arbitrary, they were set to match the LEO case in [8] . In particular, the orbit is initially quasi-circular.
All the parameters related to the orbital perturbations are given in Table 2 , including the mean solar flux F 10.7 and the geomagnetic index K p when applicable. The latter are kept constant during the propagation, assumption that can be considered as unreasonable over a long timespan, but it is to be remembered that the topic of interest here is the individual and coupled effects of the magnetic force, not the aerodynamics itself, so that a high accuracy is not necessary for the latter. As far as gravity is concerned, the geopotential is expanded with coefficients from EGM96 up to order and degree 29 in LEO and 14 in MEO. As for the magnetic potential of the Earth, the expansion is done to the 8th order and degree (from IGRF-12), including secular variations of the Gauss coefficients.
The initial epoch is 21/3/2000 at 12:00 UTC, as the use of IRI12 is limited to the period before 2019.
A. LEO simulations
Two geometries are investigated in LEO: a sphere and a square plate. The first one is simulated using a 3dof propagator while the second one requires a 6dof model. Integration step-size is set to The potential is of the order of one Volt whereas the absolute value of the surface charge is of the order of a few nano Coulomb. The main difference between the two cases (with and without solar flux) comes from the fact that different local plasma-related conditions are encountered on the orbit as the same initial orbital elements evolve differently with or without the solar radiation pressure.
In particular, the latter excites the eccentricity, lowering the altitude of the perigee and thus causing a faster orbit decay. Additionally, it is noticeable that the photoelectron current tends to shift the surface potential in the positive direction, leading to some positive values of the electrostatic charge, for the right ascension of the ascending node. Note that the argument of perigee is not shown as it without the solar flux the orbit remains quasi-circular and thus this parameter does not make much sense in that case.
Differences in Keplerian coordinates tend to grow over time, but vanish on average for the parameters describing the shape of the orbit (semi-major axis and eccentricity). On the contrary, the average is non-zero for the elements related to the plane of the orbit. In particular, there is an almost linear long-term evolution for Ω that can be explained by the fact that the magnetic force partly acts perpendicular to the orbital plane. As a result, it adds a steady contribution to its rotation rate, which is fully transmitted to the right ascension of the ascending node in a polar configuration.
With the solar flux, the differences in Keplerian coordinates are one to two orders of magnitude larger than without. This can be explained by the coupling with eclipses, when the radiation pressure vanishes. As the magnetic force slowly creates a shift in position between charged and non-charged objects, they start being in eclipse conditions at slightly different times, which in turn excites this divergence in the trajectory due to the difference in forces acting on the object. It is to be noted b. Equatorial orbit Figure 8 shows surface potential and electrostatic charge as functions of time for equatorial orbit. The curves are similar to the polar case. Figure 8 depicts the evolution of the osculating semi-major axis of the non-charged object. It demonstrates closer decay rates than previously seen, due to large portions on the orbit being in umbra, where the solar radiation pressure vanishes. Figures 9 to 11 depict the differences between the Keplerian coordinates propagated with and without surface charging. The right ascension of the ascending node is not shown as it is not defined for equatorial orbits. Orders of magnitude are very similar to the polar case. Studying a non-spherical object allows for a study of the effects of surface charging on attitude.
6dof analysis is also required to justify the viability of the cannonball assumption for drag. In order for the Lorentz force to induce a torque on the barycenter, a displacement of the latter with respect to the center of symmetry is introduced. It is achieved by considering a square plate made of two half plates of similar, rectangular dimensions, but with different, uniform mass distributions. Let (y, z) be the plane of the whole plate and x the orthogonal direction. Let l be the total length of the square plate and w its width while m 1 , m 2 denote the mass of each half plate (with dimensions l × l/2 × w). The overall geometry of the object is shown in Figure 12 . The principal moments of inertia of the objects around the barycenter can be obtained via the parallel axis theorem. If the junction between the two rectangular plates is parallel to the z-direction, then they write: The total length l is set to 1m and the total mass m 1 + m 2 to 0.1kg. Note that the values of these two quantities are not very important as long as the area-to-mass ratio is still 10. Initial conditions for attitude are given in Tables 3 and 4 . In the following 6dof simulations, the solar flux is not taken into account, meaning that radiation pressure and photoelectron current are not included in the model. This allows to focus on the direct, non-coupled effects of the magnetic torque. The following 6dof simulations are only 0.1 year long and restricted to the polar orbit, due to their greater computational cost. Figure 13 shows the surface potential and charge as functions of time. Figures 14 and 15 depict the differences in osculating orbital elements. Similarly to the spherical geometry, the surface potential has a magnitude around 1V. As for the surface charge, it is around 0.1nC. This drop of about one order of magnitude is due to the difference in the charging model of the two geometries. In particular, the electrostatic capacitance differs by a factor 8 (see Eq. (23) and (29)). This reduction partly translates into the differences The interesting result from the plate is that the attitude evolves in a very different way between the charged and the non-charged case. This phenomenon can be seen in Figure 16 , which shows the time history of differences in quaternions. After a few weeks, the discrepancy is already of the order of 0.1. It is non-negligible as these quantities are always between -1 and 1. This mean that the torque induced by the surface charge and the non-homogeneous mass distribution is large enough to significantly change the history of attitude over time. On the other hand, it is also worth mentioning that the object simulated is so light that its attitude motion has a somehow chaotic behavior, in the sense that a slight change in the initial conditions or any other parameter can have a huge impact on the evolution of the system. However, comparing charged and non-charged objects without a displacement of the barycenter (and hence no torque apart from the gravity gradient) demonstrates a negligible difference in attitude dynamics i.e. of the order of 10 −7 for each quaternion. Since the adopted charging model highly depends on eclipse conditions, the solar radiation pressure is accounted for in the MEO simulation. At these altitudes, atmospheric drag is nonexistent, so that there is no orbit decay, allowing for longer integration. Simulations are limited to 3dof as light pressure introduces a chaotic behavior in the attitude dynamics of objects with a high area-to-mass ratio. Figures 17 to 18 depict the time history over 100 years of differences in Keplerian coordinates between charged and non-charged spherical objects in a polar configuration (i = 89deg). Unlike the LEO simulations, the frequency for recording data is 24 hours.
Orders of magnitude for the difference in mean orbital elements are the following after a century:
product between the magnetic field and the spacecraft velocity decreases rapidly with altitude. In fact, assuming a dipole model and an orbital speed equal to the circular one, v × B scales as r −7/2 . On the other hand, the surface charge is smaller as it is inversely proportional to the Debye length which is about 3 orders of magnitude higher in MEO than in LEO. In order to put things into perspectives, the same MEO model has been applied to dust particles.
More precisely, a grain was considered, with radius 1µm and mass 14.188790204786391 × 10 −15 kg, corresponding to an area-to-mass ratio of 750 i.e. two orders of magnitude above the previous space debris. This represents another range of values describing a very difference type of space objects for which orbital perturbations such as solar radiation pressure almost become dominant over gravity. Figures 19 to 20 show the history of Keplerian coordinates for two particles starting from the same initial conditions as before, but only one is charged while the other is not. The comparison stops when the non-charged grain reenters. It is noticeable that the radiation pressure is so important that the eccentricity oscillates widely, causing atmospheric re-entry within a year. As one can see, the Lorentz force plays a major part in the dynamics, as the two trajectories start diverging significantly on the scale of days. An object orbiting the Earth and that passively acquires an electrostatic charge on its surface becomes subject to the magnetic force. The corresponding acceleration is proportional to the charge and orthogonal to both the magnetic field and the velocity relative to that field. The value of the charge is the product of two multiplicative parameters: electrostatic capacitance and surface potential. In LEO, both of these quantities mostly depend on the local electron temperature, while the capacitance is also dependent on the ambient Debye length which characterizes the plasma and is a function of both temperature and density. The profiles of these quantities in the ionosphere vary primarily according to magnetic latitude and local time, with secondary variations due to the local season. The additional consideration of photoelectron current adds a dependency on the exposure to sunlight. Due to the lack of a comprehensive model of the plasma environment in MEO, a simple modeling of the surface potential has been adopted in this study: positive in full exposure to sunlight, negative otherwise. It always turns out that the surface charge is proportional to the area-to-mass ratio. This means that the acceleration due to the Earth's magnetic field scales linearly with this parameter, similarly to atmospheric drag and radiation pressure. In this study, it was set to a value of 10m 2 /kg, which belongs to the upper boundary of the range for space debris.
This high area-to-mass ratio implies large values for all non-gravitational forces included in model, not only the magnetic one. When compared to other perturbations in LEO, the acceleration due to electrostatic charging remains several orders of magnitude smaller. In MEO, atmospheric drag does not have a relevant impact on the object dynamics, whereas the gravitational terms and the solar radiation pressure are the dominant perturbing accelerations. In this work, the impact of the Lorentz force on trajectories has been investigated for two different geometries. For a spherical object, the impact of electrostatic charging was shown to be fairly small. In LEO, re-entry occurs within decades and there is not enough time for the two trajectories to significantly diverge.
Nonetheless, a coupling with radiation pressure seems to be caused by eclipse conditions. On the other hand in MEO, where there is no orbit decay, the magnitude of the magnetic force is much smaller than at lower altitudes, resulting in a negligible impact on the dynamics, even on the span of a century. Noticeable effects appear only when looking at much lighter objects than debris, such as dust particles that can actually re-enter or escape the Earth on short time scales due to their high susceptibility to non-gravitational forces.
With a square flat plate, the effects on orbital motion at low altitude are comparable to the spherical case. On the other hand, the magnetic torque induced by a displacement of the barycenter with respect to the center of symmetry of the plate can have a significant impact on attitude. While the changes in Keplerian coordinates are too small to create large shifts in re-entry times, the changes in attitude would for instance cause radically different conditions for the orientation at impact in the case of orbital collision.
Perspectives include looking at rare events such as auroral charging in LEO that can temporarily but significantly increase the magnitude of the surface charge. This short-term phenomenon could have a non-negligible impact on the orbital elements. Another topic of interest for attitude dynamics would be to study objects with non-uniform surface properties or asymmetric geometries, which directly induce a magnetic torque.
